All-Optical Production of a Lithium Quantum Gas Using Narrow-Line Laser Cooling 
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We have used the narrow2S l 1 / 2 — » 3P3/2 transition in the ultraviolet (uv) to laser cool and magneto- 
optically trap (MOT) 6 Li atoms. Laser cooling of lithium is usually performed on the 2 Si/ 2 — > 2P 3 / 2 
(D2) transition, and temperatures of -~300 /xK are typically achieved. The linewidth of the uv 
transition is seven times narrower than the D2 line, resulting in lower laser cooling temperatures. 
We demonstrate that a MOT operating on the uv transition reaches temperatures as low as 59 fiK. 
Furthermore, we find that the light shift of the uv transition in an optical dipole trap at 1070 nm is 
small and blue-shifted, facilitating efficient loading from the uv MOT. Evaporative cooling of a two 
spin-state mixture of 6 Li in the optical trap produces a quantum degenerate Fermi gas with 3 x 10 6 
atoms a total cycle time of only lis. 

PACS numbers: 37.10. De, 32.10.Dk, 67.85. Lm 



C0 ■ 
Ctf ■ 

1 ' 
^— > ■ 

C ■ 

c3 ■ 

=5 

+-» ■ 



1 

C 

O 
o 



(N 
> 
in 
m 

ON 

O 



X 



The creation of quantum degenerate gases using all- 
optical techniques [l|-|4| offers several advantages over 
methods employing magnetic traps. Optical potentials 
can trap any ground state, allowing selection of hyperfine 
sublevels with favorable elastic and inelastic scattering 
properties. In the case of Fermi gases, the ability to trap 
atoms in more than one sublevel eliminates the need for 
sympathetic cooling with another species 0, @ , greatly 
simplifying the experimental setup. All-optical methods 
also facilitate rapid evaporative cooling since magneti- 
cally tunable Feshbach resonances can be employed to 
achieve fast thermalization. 

There are, however, challenges to all-optical methods. 
An essential prerequisite is an optical potential whose 
depth is sufficiently greater than the temperature of the 
atoms being loaded. The usual starting point is a laser 
cooled atomic gas confined to a magneto-optical trap 
(MOT). In a two-level picture, atoms may be cooled to 
the Doppler limit, T D = hT/(2k B ), where T/(2n) is the 
natural linewidth of the excited state of the cooling tran- 
sition In many cases, however, sub-Doppler tem- 
peratures can be realized due to the occurrence of po- 
larization gradient cooling arising from the multi-level 
character of real atoms [9(. Polarization gradient cool- 
ing mechanisms are effective if the linewidth of the cool- 
ing transition is small compared to the hyperfine split- 
ting of the excited state, or if there is a large degree 
of magnetic degeneracy in the ground state [lCj. The 
limit to cooling in these cases is the recoil temperature, 
Tji = h 2 k 2 1 {2mk B ) , where k is the wave number of the 
laser cooling transition and m is the mass of the atom. 

Polarization gradient cooling is found to be efficient for 
most of the alkali metal atoms including Na, Rb, and Cs; 
MOTs of these species routinely attain temperatures of 
~10 /zK, which is not far above Tr. Unfortunately, for 
Li and K, the elements most often employed in Fermi- 
gas experiments, sub-Doppler cooling is ineffective in the 
presence of magnetic fields, including those required for 
a MOT. For Li, sub-Doppler cooling is inhibited because 
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FIG. 1. Partial energy level diagram of Li showing relevant 
transitions. Lines in bold represent the transitions used to 
laser cool atoms. Lighter lines represent decay pathways from 
the excited 3P 3 / 2 state. The corresponding decay rates are 
indicated Q. 



the hyperfine splitting of the excited state is unresolved 
(Fig.Q]), thus limiting temperatures to ^300 fiK, roughly 
twice the Doppler limit. Sub-Do pple r cooling has been 



11, 121 and fermionic [L; 



attained in both the bosonic ^ 

isotopes of K by going from a MOT to a molasses pnase, 
and appropriately ramping the laser parameters [ill Il2j . 
While this can work at high densities for the bosonic iso- 
topes [Tl|, in the case of fermionic 40 K the lower temper- 

which 
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atures are achieved at the expense of density 
is not advantageous for loading and evaporative cooling 
in a trap. 

Laser cooling has also been demonstrated with 
atoms possessing ultranarrow, dipole-forbidden transi- 
tions, such as the intercombination lines of the alkaline 
earth atoms, where Td Tr. These experiments pro- 



duce temperatures in the range of 1-10 fj,K 15hll8j|. In 
this paper, we report a similar strategy for 6 Li, where we 
form a MOT using the narrow, yet still dipole-allowed, 
2£i/2 ~~ * 3P3/2 transition shown in Fig. [TJ The narrower 
linewidth of this transition compared to the usual D2 
line gives a correspondingly lower Doppler temperature. 
Perhaps just as significant for reaching high phase space 
densities as a prelude to evaporative cooling, is that the 
shorter wavelength of this transition reduces the opti- 
cal depth and radiation trapping, which are important 
density limiting effects [19(. We demonstrate the effec- 
tiveness of this laser cooling scheme as the starting point 
for efficiently loading an optical dipole trap and produc- 
ing a degenerate Fermi gas with a large atom number. 
The advantage of using a uv transition to obtain high 
density was previously demonstrated with metastable he- 
lium [20(. In that case, however, the transition linewidth 
was identical with the conventionally used transition, and 
the temperature was not reduced. Also, the analogous 
narrow, but dipole-allowed 4 St/2 — > 5^3/2 transition in K 
has rece ntly been used to achieve lower temperatures in 
a MOT 
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The experimental sequence begins by loading a con- 
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ventional red MOT, operating on the 2 Si 
(D2) transition at 671 nm 0,1a, from a laser slowed 
atomic beam. Each of the six MOT beams consists of 
light resonant with transitions between the F = 3/2 and 
F = 1/2 hyperfine ground states and the excited 2P 3 / 2 
state, which we refer to as the cooling and repumping 
beams, respectively. These beams have 1/e 2 radii of 
0.9 cm and peak intensities per beam of 1.3 I 2 ^ on the 
cooling transition and 0.4 on the repumping transi- 
tion, where 1^ = 5.1mW/cm 2 is the saturation inten- 
sity for the red transition. After ~5 seconds of loading, 
we collect N ~ 1.5 x 10 9 atoms at T ~ lmK and a 
peak density no ~ 2.4 x 10 10 cm~ 3 . We then cool and 
compress the red MOT by simultaneously reducing the 
intensity and detuning of the cooling and repumping light 
and increasing the magnetic field gradient. At the end 
of this stage, indicated as CMOT in Fig.^a), the rele- 
vant quantities are N ~ 1 x 10 9 atoms, T ~ 290 /j,K, and 
n ^ 3.4 x 10 10 cm" 3 . 

The six beams for the uv MOT are overlapped with the 
red MOT beams using dichroic mirrors. The required uv 
light is generated by a frequency-doubled laser system 
consisting of a grating stabilized diode laser operating at 
646 nm, a tapered amplifier, and an external ring dou- 
bling cavity [23j . The output power at 323 nm is limited 
to 30 mW, but the total power incident at the atoms is 
only llmW due to power splitoff for frequency stabi- 
lization and to losses from optics and vacuum viewports. 
The cooling (repumping) beams of the uv MOT have 
1/e 2 radii of 0.33 cm (0.40 cm) and peak intensities per 
beam of 0.2 1 3 ^ (0.02 where 7 3 a ^ = 27.7mW/cm 2 is 
the saturation intensity for the uv transition. Atoms are 
loaded into the uv MOT by abruptly reducing the mag- 
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FIG. 2. (Color online), (a) Timing diagram of the transfer 
sequence from the CMOT to the uv MOT. (b) Time-of-flight 
expansion of atoms released from red and uv MOTs. The red 
squares (violet circles) represent the 1/e radius of Gaussian 
fits to the spatial profile of freely expanding clouds of atoms 
released from the CMOT (uv MOT). The lines are fits to 
ballistic expansions which give temperatures of 288 /iK and 
59 /iK and corresponding phase space densities of 2.5 x 1CP 6 
and 2.3 x 1(T 5 for the CMOT and uv MOT, respectively. 



netic field gradient, turning off the red MOT light, and 
turning on the uv MOT light, as shown in Fig. [2ja). A 
small magnetic field gradient during the 1.25 ms loading 
phase increases the effective capture volume, and a large 
uv laser detuning helps capture high velocity atoms from 
the red MOT. The uv MOT captures ~5 x 10 8 atoms, 
corresponding to an efficiency of 50%. The loss of atoms 
is most likely due to small uv beam waists, which are 
limited by the total available power at 323 nm. Following 
the loading phase the magnetic field gradient is increased 
linearly, and the uv detuning is reduced over a period of 
1.25 ms. The values of this steady-state uv MOT are cho- 
sen to optimize loading into the optical dipole trap, as 
described below. After a hold time of 5 ms, the temper- 
ature is measured in time-of-flight by releasing and sub- 
sequently imaging the atoms by pulsing on the red MOT 
cooling and repumping light at full intensity for 0.1 ms 
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FIG. 3. (Color online). Number N (green circles) and tem- 
perature T (blue squares) of atoms in the optical trap during 
forced evaporation. Error bars for N are one standard devia- 
tion of the mean value of -/V for a sample of 5 measurements. 
The dotted blue line is U /5, indicating the evaporation tra- 
jectory. The inset shows T/Tf for the points in the main 
plot. For T/T F < 1 a surface fit to a poly log [H, [H| was 
used to determine T/Tf; otherwise, T was measured by bal- 
listic expansion and T F obtained from the mean value of N 
and the measured trap frequencies. Systematic uncertainties 
in all measured quantities are estimated to be 10%. 



while recording the fluorescence on a CCD camera. 

Figure [21b) shows a comparison of the performance 
of the red CMOT and the uv MOT. For the uv MOT, 
T = 59 uK and n ~ 2.9 x 10 10 cm~ 3 . This corresponds 
to a phase space density p ps = n (^/v / 27rmfcsT) 3 = 
2.3 x 10 -5 , which is an order of magnitude higher than 
that produced by the CMOT and thus provides a signifi- 
cantly improved starting point for loading into an optical 
dipole trap and subsequent evaporative cooling. Lower 
temperatures may be attained in the uv MOT but only 
at the cost of reducing the peak density. Similarly, the 
density may be increased by using higher magnetic field 
gradients and larger detunings of the uv cooling light, but 
this results in higher T and lower phase space density. We 
also investigated a uv MOT in which the repumping was 
done with the red transition. In this case, the tempera- 
ture was the same as that obtained with uv repumping, 
but only half as many atoms remained in the uv MOT 
and at a smaller density of no — 2.0 x 10 10 cm~ 3 . 

The light for the optical dipole trap is provided by a 
broadband fiber laser operating at 1070 nm with a nom- 
inal output power of 50 W. The trap consists of a sin- 
gle 38 W beam passed through the vacuum chamber and 
then reintroduced to the chamber at an angle of 15 ° with 
respect to the first pass and with orthogonal polariza- 
tion. Each beam is cylindrically symmetric and focused 
to a 1/e 2 radius of 73 /jm at the point of intersection. 
The trap depth per beam U is 280 /LtK, and the radial 
and axial frequencies of the trap are measured to be 
uj r = (27r)3.8kHz and uj z = (27r)475Hz, respectively. 



Atoms are loaded into the optical dipole trap by 
quickly turning on the trap light when the steady-state 
values of the uv MOT have been reached, at 2.5 ms in 
the timing diagram of Fig. [2fa). We find that laser 
cooling on the uv transition is effective in the trap, and 
that loading is improved by leaving the uv MOT on for 
5 ms following turn on of the trap. The repumping light 
is turned off during the last 0.5 ms of loading, causing 
the atoms to be optically pumped into the F = 1/2, 
mp = ±1/2 hyperfine ground states, which we label as 
states |1) and |2). The uv light and magnetic field 
gradient are then abruptly switched off. A bias magnetic 
field is ramped within the next 20 ms to 330 G, where the 
scattering length is ^— 280a o . We perform evaporative 
cooling at 330 G instead of near the Feshbach resonance 
at 834 G because we observe density dependent loss in the 
unitary scattering regime that is fast enough to reduce 
the efficiency of evaporation .26] . This loss is unobserv- 
able at 330 G. 

The evaporation trajectory is shown in Fig. [3] We 
leave the dipole trap at full power for 200 ms following 
loading to allow for free evaporation of the atoms. At 
this point 6 x 10 6 atoms remain at T = 60 /iK, corre- 
sponding to T/T F w 2.7, where T F = to(3iV) 1/3 and 
lj = (u^Wz) 1 / 3 . With these parameters the peak density 
is no — 2.7 x 10 13 cm~ 3 . These are excellent starting 
conditions for forced evaporation, which is performed by 
reducing the trap laser power. After 6 s of forced evap- 
oration to U = 19 /iK, a degenerate sample is obtained 
with 3 x 10 6 atoms at T/T F = 0.45. 

A key to the performance of this scheme is the ability 
of the uv MOT to achieve both low laser cooled temper- 
atures and high densities. The number of atoms loaded 
into the dipole trap is predicted to depend exponentially 
on the ratio of the depth of the dipole potential to the 
MOT temperature 27]. Although the optical dipole trap 
utilizes a high-power laser, its depth is only 280 /iK. Such 
a depth would be ill-suited to capture atoms from the 
red MOT. In that case, either considerably greater light 
power or a smaller trap volume would be needed. 

Also intrinsic to the capability of the uv MOT to load 
atoms into the dipole trap is the ability to continue to 
laser cool on the uv transition in the optical trap, which 
is possible only if the differential AC Stark shift of the 
2Si/ 2 and3P 3 / 2 states produced by the dipole trap light is 
sufficiently small 28], 29]. Otherwise, the light shift would 
prevent uniform laser cooling in the trap, and depending 
on its sign, could even cause heating. Our dipole trap 
operates at 1070 nm near a predicted "magic wavelength" 
for the uv transition |3oT j. where the differential Stark 
shift vanishes. 

We measured the differential ac Stark shift of the uv 
cooling transition by performing spectroscopy in the opti- 
cal dipole trap. The atoms are first cooled to T = 3.5 /iK 
by 6 s of forced evaporation. Following evaporation, the 
optical trap is adiabatically ramped to various peak in- 
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FIG. 4. Differential ac Stark shift of the 2S 1 / 2 — > 3P 3 / 2 transi- 
tion as a function of intensity of the optical trapping light at 
A = 1070 nm. The circles represent the center of a Gaussian 
fit of a loss resonance (see text) and the error bars are 1 a sta- 
tistical error of these fits. The solid line is a linear fit to the 
resonance position with a slope of 850(140) Hz/(kW/cm 2 ), 
where the uncertainty (shown by gray shading) represents the 
statistical uncertainty of the fit and a systematic uncertainty 
of 10% on the value of the trap intensity. 



enhances loading by permitting laser cooling to proceed 
in the presence of the optical trap [29[; and (3) the short 
wavelength cooling transition allows laser cooling to be 
effective even at higher densities. Since Tr ~ To for 
the uv transition, the linewidth is sufficiently broad to 
avoid the need for either a spectrally-broadened source 
or a "quench" laser to effectively broaden an ultra-narrow 
transition by coupling it to a faster decaying excited 
state [H [H H3- Additionally, since To for the D2 line is 
only 7 times larger than Tjj for the uv transition, transfer 
from the red to uv MOT proceeds efficiently without the 
need of an intermediate cooling stage ljl 18 1. The gen- 
eration of Fermi gases with large number and densities is 
expected to be important in optical lattice experiments 
that require unit filling, including the search for antifer- 
romagnetic order in the Hubbard model 31|. 
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tensities, and the magnetic field is then quickly ramped 
to zero where the atoms are illuminated by uv light with 
a frequency tuned near the25 l 1 / 2 , F = 1/2, — >3P 3 / 2 tran- 
sition. Resonant excitation causes atoms to be optically 
pumped out of the F — 1/2 ground state. The popula- 
tion remaining in |2) is subsequently measured by ab- 
sorption imaging at a field of 530 G. Spectra are recorded 
at several trap intensities, and the center of each is found 
by fitting to a Gaussian. These resonance locations are 
displayed as a function of peak intensity in Fig. 01 We 
find that at full trap depth, the uv transition is shifted 
to a 750 kHz greater frequency than for free space. This 
is consistent with our observation that atoms are most 
efficiently loaded from the uv MOT when the uv laser 
frequency is shifted to the blue by approximately one 
linewidth. With this detuning the temperature of atoms 
loaded into the optical trap is 70 fiK, close to the tem- 
perature in the MOT. The fact that the light shift is 
small and to the blue ensures that laser cooling is effec- 
tive throughout the trap volume. 

We have created a degenerate two-component Fermi 
gas with 3 x 10 6 6 Li atoms in 11 s using all-optical meth- 
ods. Our results demonstrate that laser cooling on a 
narrow, but still dipole allowed, uv transition substan- 
tially increases the atom number and production rate of 
a quantum degenerate gas. Three features contribute to 
the success of this method: (1) the narrow linewidth gives 
lower temperatures, enabling trapping with lower optical 
trap depth, and hence, a larger trap volume for a given 
laser power; (2) the differential light shift at the trapping 
wavelength is both small and to the blue, which greatly 
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